In this work, a metasurface acting as a linear polarization rotator, that can efficiently convert linearly polarized electromagnetic waves to cross polarized waves within an ultra wide frequency band and with a broad incident angle, is proposed. Based on the electric and magnetic resonant features of the unit cell, composed by a double-head arrow, a cut-wire, and two short V-shaped wire structures, three resonances, which lead to the bandwidth expansion of cross-polarization reflections, are generated. The simulation results show that an average polarization conversion ratio of 90% from 17.3 GHz to 42.2 GHz can be achieved. Furthermore, the designed metasurface exhibits polarization insensitivity within a broad incident angle, from 0 to 50 . The experiments conducted on the fabricated metasurface are in good agreement with the simulations. The proposed metasurface can find potential applications in reflector antennas, imaging systems, and remote sensors operating at microwave frequencies. Published by AIP Publishing.
I. INTRODUCTION
Metamaterials have enabled the realization of many fascinating phenomena and functionalities that cannot be obtained through the use of natural materials. 1, 2 In recent years, the ability to fully manipulate the polarization states of electromagnetic (EM) waves allows us to envision potential applications which may greatly influence our daily lives in many consumer products and high-tech applications. 3, 4 Concerning polarization converters, these devices are usually designed using twisted nematic liquid crystals based on the Faraday effect. 5 These traditional approaches and materials for polarization control are now being gradually replaced by the so-called metasurfaces, which have been intensively investigated in the past decade. Metasurfaces typically utilize asymmetric electric dipole resonances to allow 0 to 2p phase control of the cross-polarized scattered light. As in transmit arrays, varying the geometry of the resonator as a function of position allows for arbitrary control of the phase front of light using a subwavelengththin film and has led to demonstrations including anomalous reflection/refraction, [6] [7] [8] [9] [10] polarization beam splitting, 11 polarization rotation, [12] [13] [14] [15] [16] and surface wave conversion. 17 Currently, anisotropic metamaterials have been widely applied in miniaturized polarization controllers. [18] [19] [20] However, these polarization devices have the disadvantage of narrow bandwidth, so that bandwidth expansion is one of the main research interests and challenges.
To broaden polarization conversion bandwidth, stacked multilayer structures can be used. As an example, a highefficiency broadband polarization transformation slab was achieved by stacking twisted complementary circular symmetric split-ring resonators. 21 Gansel et al. proposed threedimensional gold helices which can be scaled to microwave and terahertz frequencies and can be used as compact broadband circular polarizers. 22 Although these proposed polarization devices exhibit a relatively wide operating frequency band, complicated structures or unacceptable thicknesses may limit their practical applications. Hao et al. demonstrated that polarization states of electromagnetic waves can be manipulated through reflections by an anisotropic metamaterial plate by adjusting material parameters, and demonstrators at microwave and optical frequencies were reported. 23, 24 Yu et al. designed a metasurface by using an V-shaped antenna array and verified numerically and experimentally that by changing the dimension and geometry of the V-shaped antenna, EM waves could be manipulated, including both phase and polarization. 25 Based on this method, Chen et al. proposed a double-head arrow structure 26 and Gao et al. proposed a double V-shaped structure, 27 to achieve ultra-wideband linear polarization conversion in the microwave regime. In this paper, we propose an ultra-wideband linear polarization rotator by combining three typical symmetry-broken structures, i.e., a double-head arrow, a cut-wire, and two short V-shaped wire resonators. We show that the structure is able to rotate a linearly polarized wave into its orthogonal one. Through the generation of three resonances, we can expand the bandwidth of the cross-polarization reflection of the metasurface. Both numerical simulations and experimental results demonstrate that the polarization converter can change both x-and y-polarized waves into its cross-polarized waves under normal incidence. The rotating frequency range covers from 17. Published by AIP Publishing. 121, 174902-1 100% at the three resonance frequencies. In addition, the polarization conversion functionality is preserved under oblique incidence. Compared to other kinds of polarization devices, the proposed polarization converter is much thinner and covers a wider frequency range.
II. THEORY
It is known that reflection polarization conversion metasurfaces are usually implemented by multilayers with an artificial periodic metallic structure on the top, a metallic sheet layer at the bottom, and an intermediate dielectric in between. The periodic array is homogeneous and anisotropic, with dispersive relative permittivity and permeability. When a plane wave (PW) with a specified polarization impinges on this artificial electromagnetic metasurface, both x-and y-polarized EM waves can be generated by reflection and transmission due to the anisotropic characteristics of the metasurface. The waves experience multiple reflections between the artificial metallic structure and the metallic sheet layer, and the final reflected waves are a result of an interfering wave phenomenon. Thus, we can utilize the thickness of the dielectric layer to control the phase and amplitude of the final reflected waves. [28] [29] [30] [31] Based on the operational principles described above, we selected the F4B dielectric spacer with the thickness d ¼ 1.5 mm, dielectric constant e r ¼ 2.65, and loss tangent tand ¼ 0.001 (specifically, d has been optimized with the help of the commercial software simulator in order to achieve good polarization conversion, as will be shown later). The geometrical parameters of the metasurface unit cell are [see Fig. 1 
, and b ¼ 90 . The thickness of metallic patterns is 0.035 mm.
To better understand the response of the proposed structure, we consider that the incident EM wave is polarized along the y-axis. Therefore, the electric field can be decomposed into two perpendicular components (directions u and v, see Fig. 1(b) ). Hence, the electric field of the incident EM wave can be expressed as E ¼ũE iu e ju þṽE iv e ju ;
whereas the electric field of the reflected wave can be written asẼ r ¼r uũ E iu e ju þr vṽ E iv e ju ;
wherer u andr v are the reflection coefficients along the uand v-axes, respectively. 27 Due to the anisotropic characteristic of the metasurface, a different phase change Du can be generated byr u andr v . Therefore, when Du ¼ p and the modulus satisfy r u ¼ r v , then E ru and E rv will be the synthetic fields along with the x-direction, as shown in Fig. 1(b) , and the incident polarization is rotated by 90 . In fact, the individual double-head arrow structure supports symmetric and anti-symmetric modes, which are excited by electric field components along the v-and u-axes, and the individual cutwire structure supports multi-order dipolar resonances which are excited by electric field components along the v-axis. As for the combined structure, we predict the presence of multiple resonances. In order to validate this, we have simulated the reflection amplitude and phase of the unit cell in CST Microwave Studio. Figures 2(a) and 2(b) show that two eigen-modes are excited in the v-polarized case and one eigen-mode is excited in the u-polarized case. When arbitrarily polarized EM waves are incident, three resonances can be excited in general since both v-and u-components exist simultaneously. The superposed contributions from two individual orthogonal electric components excite independently the corresponding resonance eigen-modes. Fig. 3 shows that the reflection amplitude of the polarization along the v-axis direction is approximately equal to the polarization along the u-axis. Moreover, the reflection phases approach p from 17.3 GHz to 42.2 GHz. It is evident that the metasurface can realize polarization conversion in a wide frequency range of 24.9 GHz. To further measure the performance of the polarization conversion of the designed artificial electromagnetic structure, we define the polarization conversion ratio (PCR) as
where r xx and r yy represent the co-polarization reflection coefficients and r yx and r xy represent the cross-polarization reflection coefficients, respectively. If PCR ¼ 1, the complete transformation of both linear x-and y-polarized EM waves into each other is realized.
To investigate the physical mechanism of the ultrawideband polarization conversion with the use of the proposed metasurface, the surface current distributions on the artificial electromagnetic structure and metallic ground sheet at three resonant frequencies of 16.38 GHz, 29.57 GHz, and 42.03 GHz are shown in Figs. 4(a)-4(c) , respectively. As shown in Figs. 4(a) and 4(c) , the entire structure can be seen as an evolvement from cut-wire resonator, and hence, it functions as an extended cut wire resonator (extended by the presence of the head-arrows). Since the electric and magnetic resonances are generated by symmetric and antisymmetric couplings of the currents on the extended cut wire resonator and metallic ground sheet, respectively, the resonance at 16.38 GHz is a magnetic resonance and the resonance at 42.03 GHz is an electric resonance (the electric and magnetic resonances are generated by parallel and anti-parallel surface currents induced along the entire structure and the metallic ground sheet, respectively). For u-polarization, it can be seen that an anti-symmetric mode is generated in the double-head arrow [ Fig. 4(b) ], and surface currents in the structure are anti-parallel to surface currents in the metallic ground sheet, leading to a magnetic resonance.
III. EXPERIMENTS
To verify the ultra-wideband polarization conversion capability of the proposed metasurface, full-wave simulations are performed in CST Microwave Studio with periodic boundary conditions in x-and y-directions and open additional space conditions along the þz direction. Figure 5 shows the simulated co-and cross-polarization reflection and polarization conversion ratio (PCR). The cross-polarization reflection coefficients r yx and r xy are roughly 1 (0 dB) in a very wide frequency band, which means that polarization conversion can be achieved under both x-and y-polarized waves at normal incidence. This ultra-wideband polarization conversion property is the consequence of the three resonance frequencies at 19.59 GHz, 24.96 GHz, and 38.25 GHz, where the polarization conversion efficiency is nearly 100%, as shown in Fig. 5(b) .
Moreover, we discuss the effect of the angle a and the cut-wire length l [see Fig. 1(a) ] on the polarization conversion. The co-and cross-polarized reflection coefficients for different angles are shown in Figs. 6(a) and 6(b). When a is lower than 70 , the bandwidth decreases sharply. Similar effects, i.e., bandwidth reduction and conversion efficiency degradation, occur when l shortens (not shown). It is also important to investigate the polarization conversion efficiency and bandwidth of our proposed metasurface for PWs with oblique incidence. The incident PW is considered to be polarized along the x-axis. The simulated PCR for different incident angles h is depicted in Fig. 7 . The incidence angle has no significant influence on polarization conversion bandwidth and efficiency, despite the fact that when h is varied from 10 to 50 the number of resonances in co-polarized reflection coefficients reduces from three to two (not shown). Figure 8 (a) depicts the fabricated metasurface (with dimensions 300 mm Â 300 mm). The experimental setup is illustrated in Fig. 8(b) , in which one horn antenna is used as the source (transmitting antenna), and the other one is the receiving antenna. Both horn antennas are identical and they are connected to the vector network analyzer (VNA) Agilent E8364B. We first placed the antennas with the same polarization (horizontal or vertical) in order to measure the co-polarization reflection coefficients r xx and r yy , and then we rotated the receiver antenna in order to detect the crosspolarization reflection coefficient r yx and r xy . In both cases, r xx (or r yy ) and r xy (or r yx ) are given by the measured S 21 parameter, or transmission coefficient between the input and output ports of the VNA, where the transmitting and receiver antennas are connected, respectively. However, the co-and cross-polarized reflection coefficients are actually given by the measured value of S 21 referred to the value of S 21 inferred from an ordinary metal surface with the same size, in order to compensate for the loss in the microwave link between the transmitting and receiving antennas. Note that we use F4B as the dielectric, and the losses increase as the frequency increases. However, we can still clearly observe three resonances at 19.68 GHz, 24.33 GHz, and 37.89 GHz in Fig. 9(a) . Figure 9 (b) shows the measured PCR of the metasurface, which indicates that the polarization conversion metasurface has an ultra-wideband characteristic. In addition, the polarization conversion properties of the metasurface under oblique incidences are evaluated by changing the incident angle h from 10 to 50 as shown in Fig. 10 . The experimental results are in good agreement with the simulations in spite of some interfering effects caused by measurement setup cables and connectors, as well as tolerances in material parameters and dimensions.
A comparison between the proposed converter and other polarization converters reported in Refs. 27 and 31 is shown in Table I . The comparison shows that the proposed converter is ultra-thin and has an ultra-wide frequency band in which PCR is greater than 90%, implying good performance. In Table I , BW means the operating absolute bandwidth (PCR > 90%) of the metasurface, and BW % means the relative bandwidth (PCR > 90%) of the metasurface. The parameters d and p are the dielectric substrate thickness of the metasurface and unit cell periodicity of the polarization conversion metasurface, respectively.
IV. CONCLUSION
In this work, a metasurface for ultra-wideband polarization conversion has been designed, fabricated, and verified through experiments. Due to the presence of three resonances, cross-polarization reflection bandwidth has been expanded significantly. To verify the excellent polarization conversion performance of the proposed metasurface, we have fabricated a sample polarization converter. Simulation and measurement results have shown that the proposed metasurface can convert linear polarized EM waves into crosspolarized waves with PCR higher than 90% from 17.3 GHz to 42.2 GHz. The physical mechanism behind the proposed metasurface has been investigated in detail through simulations. Additionally, we have also investigated the polarization conversion efficiency and bandwidth under oblique incidence PWs. The bandwidth and efficiency of the polarization conversion metasurface are immune to the incident angle from 0 to 50 , exhibiting a wide angle characteristic. 
